Abstract-The increasing demand for data and multimedia services, as well as the ubiquitous nature of the current generation of mobile devices have resulted in continuous network upgrades to support an ever-increasing number of users. However, given that wireless communication systems operate on radiofrequency waves, the health effects of electromagnetic (EM) emission from these systems are increasingly becoming a concern. In order to address these concerns, we propose in this paper, an EM emission reduction scheme for the uplink of OFDM wireless systems with base station coordination. We formulate the EM reduction scheme as a convex optimization problem and solve it by iteratively allocating bits to users on their respective subcarriers in each sector. This is based on the assumption that the scheduler can predict the channel state information of all the users for a given transmission window. Simulation results show that, with coordination, our proposed scheme reduces EM emission by over 85% and 99% when compared with a no frequency reuse scheme and an energy efficiency based scheme, respectively.
I. INTRODUCTION
Higher data rates and energy efficiency (EE) are currently the focal points of research in wireless communication systems. However, the recent classification of electromagnetic (EM) emissions from mobile communication systems as possibly carcinogenic by the international agency for research on cancer (IARC) [1] supports the intuition that there is a need to broaden the criteria for research in wireless systems.
Given that uplink EM emission is directly related to the amount of energy (power over time) radiated towards a user, it means that subcarrier and power allocation are appropriate techniques for EM emission minimization, while maintaining a desired quality of service (QoS) [2] . Subcarrier and power allocation in the uplink of OFDM systems have been very well investigated but mainly for SE improvement [3] , [4] and, recently, EE [5] , [6] . In the context of EM emission reduction, a user scheduling algorithm to minimize the EM emission of users in the uplink TDMA systems was proposed in [7] by assigning priority levels to users based on their instantaneous transmission power. In [8] , we proposed a scheduler for the uplink of OFDM systems to minimize EM emissions based on the assumption that the channel state information (CSI) of all the users can be predicted for a certain transmission window. The scheme takes in to account the signaling power of all the users in the network and data transmission is confined to happen within the transmission window. However, all these works only consider the single cell scenario. It has been suggested in [9] that the gains of base station (BS) coordination could be utilized to minimize EM emission in multicell systems. Furthermore, the authors in [10] , [11] have shown the benefits coordination in mitigating interference and improving the EE in the downlink of OFDM systems.
In this paper, we extend our work in [8] to minimize EM emission in the uplink of a coordinated multiuser OFDM wireless communication system. The novelty of this paper is that our proposed scheduler design takes into account the QoS, signaling power as well as the data transmission power of each user to provide a comprehensive analysis of EM emission minimization in the uplink of multicell communication systems. This approach relies on the ability of the network to predict the CSI of all the users in the network for a given transmission window. We obtain the optimal bit allocation (and subsequently, power allocation) of each user by using a low complexity rate-based water-filling. The network then iteratively optimizes the system until the total EM emission of the system converges. Simulation results demonstrate that with the use of coordination, our proposed scheme is able to reduce EM emission by over 85% when compared to a classic no frequency reuse scheme (no intercell interference) while also significantly outperforming the EE scheme of [11] by as much as 99%.
The rest of this paper is organized as follows. Section II describes the system model for the uplink of a coordinated OFDM network as well as the relationship between the EM emission and the transmission energy. In Section III, we formulate and solve our EM emission reduction problem. We analyze the numerical results in Section IV and, finally, conclude the paper in Section V.
II. SYSTEM MODEL
Consider the uplink of a classic planar multiuser OFDM cellular system, as depicted in Fig. 1 , where sectorized singleantenna BSs communicate with K single antenna users per sector. In this setting, each user is surrounded by at least three BSs, i.e., its own serving BS and its two closest neighboring BSs. The system utilizes a total bandwidth W divided into N equal subcarriers. We assume that the time is split into time slots (TSs), each of length l. Additionally, it is assumed that a central scheduler, which has perfect CSI of all the users in the network, coordinates the transmission. This is achieved by using the uplink pilot signals each user transmits to its serving BS, the BSs then forward the information to the scheduler which uses it to predict the channel gains of each user in the network for a window of T TSs and, subsequently, perform subcarrier allocation. Note that in this paper, a subcarrier can be allocated to at most one user per sector in a TS but a user can have more than one subcarrier in a TS. Hence, the amount of bits transmitted in a TS by user k in sector m can be expressed as
where SAR m k is the whole body averaged specific absorption rate (SAR) of the k-th user mobile device while P ref andp The signaling power,p m (T ), can be computed as [13] 
where P 0 denotes the received signal power threshold at the BS, D m k represents the path loss of user k in sector m and
such that δ denotes the number of information bits transmitted for channel quality information. In this paper, we assume δ = 2T ; hence, the number of signaling information bits transmitted increases with the size of the transmission window. 
III. EM EMISSION REDUCTION SCHEME
In this section, we propose our algorithm for minimizing the users' EM emission, while ensuring a QoS constraint. The algorithm is based on the assumption that the scheduler can predict the CSI of all the users up to T TSs; this prediction is achieved by using the uplink pilot signals transmitted by each user in the system. With the CSI of all the desired users and the interfering users known, the scheduler performs subcarrier allocation and then power allocation is performed across the whole T TSs to minimize the transmission energy and, hence, EM emission. Note that predicting the CSI of up to T TSs can be regarded as a theoretical assumption, however in practice, it is well-suited for quasi-static channels over T TSs. For more time varying channel, schemes like [14] and [15] can be used for CSI prediction.
Our EM emission reduction scheme is based on the following optimization problem min
subject to
where
denotes the total transmission energy for each user k in sector m to transmit B bits and P max k represents the maximum transmit power of the user. Finally, the constraint (8a) on the number of transmitted bits is set across the whole T TSs for all the users while the power constraint (8b) is per TS, as transmissions are performed in a slotted manner in time domain.
It is worth mentioning that the binary nature of α m k,n (t) in (7) -(8c) makes the problem a combinatorial one which is NP-hard and is intractable for large systems. Thus, we consider a relaxation by doing subcarrier and power allocation in a sequential manner as many other scheduling schemes [4] , [5] ; first subcarrier allocation for fixed p m k,n (t), then power allocation for a fixed α m k,n (t) ∀k, n, t, m.
A. Subcarrier Allocation
Since users of different sectors share the same subcarriers, it is essential to choose which users to group together. In this regard, we assume that K groups of M users are formed with each group consisting of a user from each sector. The user grouping is done in such a way that the users that generate the least interference to neighboring sectors are grouped together; and then the users in each group are allocated the same set of subcarriers. After user grouping, we consider a max-signal to interference ratio (SIR), equal subcarrier allocation for each user in each sector to minimize the EM emission. Denote h 
B. Power Allocation
Even for a fixed subcarrier allocation i.e., fixed α m k,n (t), the problem in (7) -(8c) is clearly not convex because the equality constraint (8a) is not affine [16] . In order to make the problem convex, we have to re-write (8a) into a standard convex optimization format. Given that the transmit power of user k on subcarrier n in sector m at TS t can be expressed as
where r m k,n (t) = b m k,n (t)/(wl) denotes the rate of user k on subcarrier n in sector m at TS t, the total transmission energy for all the users to transmit B bits can be expressed as a function of r m k,n (t) as
Hence, the optimization problem in (7) -(8c) can be reformulated as
This comes down to a rate allocation problem over all the subcarriers allocated to user k in sector m during the transmission window T . By using the change of variable in (10), the equality constraint becomes affine and, hence, the problem in (12) with constrains (13a) and (13b) is convex in r 
t)).
The optimization problem is now clearly convex (for a fixed interference term) and we can define the Lagrangian as
where λ 
where ν is expressed as
and [x] + = max{x, 0}. Note that (15) (13b), respectively. Knowing the optimal rate of each subcarrier allocated to user k via (15), the optimal transmit powers on these subcarriers can be obtained from (10) .
C. Scheduler Algorithm
The central entity first proceeds with the subcarrier allocation based on Section III.A., then power allocation for each user of the three sectors is refined sequentially by knowing the interference of the users from the two other sectors until convergence, as it is further detailed in Algorithm 1. While
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Algorithm 1 EM Emission Reduction Algorithm
Initialize: I max and i = 1 Obtain α m k,n (t) ∀k, n, t, m Perform equal power allocation and obtain I m k,n (t) ∀k, n, t, m Repeat for m = 1 : M Compute r m k,n (t) and p k,n (t) by using (15) and (10), respectively, ∀k, n, t; Obtain I m k,n (t) by using (2) ∀k, n, t; end for Obtain E(i) via (3);
we do not show that our algorithm provably converges due to intractability as in [11] , we have always observed convergence in our simulations and the solution obtained satisfies the optimality conditions. Moreover, convergence can be enforced by increasing the transmission window, T .
Our proposed EM emission reduction scheme is summarized in Algorithm 1.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we analyze the performance of our proposed EM emission reduction scheme subject to achieving a target number of bits. We consider a network M = 3 sectors with each sector having K randomly generated and uniformly distributed users. Each user has a maximum transmit power of 0.2 W, while the received signal power threshold at each BS (P 0 ) is given as -112 dBm. The system bandwidth is assumed to be 10 MHz consisting of 128 subcarriers. The fast fading and path-loss follow the model used in [8] . The noise power spectral density is assumed to be -165 dBm/Hz. We assume the SAR k (measured in W/kg) and P ref (measured in W) of all the users in the network to be the same and of unit values, i.e.,
We further assume that all the users have the same target number of bits, B. In order to demonstrate the benefit of coordination for EM reduction, we compare our scheme against our single cell scheme of [8] with no frequency reuse (number of subcarriers is split amongst the 3 sectors to avoid interference). In addition, we have also compared against a state of the art EE-based coordinated scheme of [11] , to show that EE optimization is not necessarily optimal for EM emission reduction. The EE scheme based on [11] performs per TS optimization to improve EE of the network. Each user transmits signaling power in each TS as long as their target has not been met. Transmission for each user ceases as soon as the target number of bits have been met, in order to reduce the emitted energy.
In Fig. 2 , we compare the per-sector EM emission of our proposed EM emission reduction scheme against the no frequency reuse scheme and the EE scheme of [11] for K = 15 users, ISD = 500 m and T = 10 TSs. The target number of bits is varied from 10 kbit to 20 kbit, representing a data rate of 1 Mbps to 2 Mbps. It is evident that our proposed EM emission reduction scheme produces the least EM emission of all the schemes compared. Furthermore, it can be remarked that the per-sector EM emission of all the schemes increases as the target number of bits increases. In our proposed EM emission reduction and no frequency reuse schemes, given that the number of subcarriers allocated to each user is fixed, more power is needed to achieve the target number of bits as it increases; while the users in the EE scheme of [11] will need more TSs to transmit their data in order to achieve the target. Increasing the number of TSs used for data transmission will result in using more signaling power in the EE scheme of [11] . Additionally, all the users in the EE scheme of [11] will have to transmit signaling power as long as their target number of bits is not met. Our proposed scheme achieves up to 85% and 98% reduction in EM emission when compared to the no frequency reuse scheme and the EE-based scheme, respectively. Fig. 3 depicts the per-sector EM emission comparison of our proposed scheme versus the number of users in the network for a target of B = 15 kbit, ISD = 500 m and T = 10 TSs. It can be observed that per-sector EM emission increases with the number of users in the network. In our proposed EM emission reduction scheme as well as the no frequency reuse scheme, within the transmission window T , the number of subcarriers allocated to each user reduces as the number of users in the network increases, because they have to share the available subcarriers. It implies that the users would have to transmit with more power to achieve the target number of bits. Whereas in the EE scheme of [11] , more TSs would be needed to achieve the target number of bits of all the users in the network as the number of users increases. As expected, our proposed EM emission reduction scheme achieves an EM emission reduction of up to 85% and 99% when compared to the no frequency reuse scheme and the EE scheme of [11] , respectively. Fig. 4 shows the effect of inter-site distance on the per- sector EM emission for K = 15 users, B = 15 kbit and T = 10 TSs. It is evident that EM emission increases as the ISD increases. This is as a result of users transmitting with higher power to mitigate the effect of path-loss. Again, it can be seen that our proposed scheme reduces EM emission by 92% when compared to the no frequency reuse scheme and 96% when compared to the EE scheme of [11] , respectively.
V. CONCLUSION
In this paper, we have proposed a coordinated scheme for minimizing EM emission in the uplink of a multicell OFDM system. Our proposed EM emission reduction scheme is based on the network being able to predict the future CSI of all the users and use this information for user grouping and subcarrier allocation, and then iteratively performing a ratebased water-filling to obtain the rate and power allocation of each user on each subcarrier allocated to the user across all sectors. Simulation results show that our proposed scheme reduces EM emission by over 85% and 99% when compared to the no frequency reuse scheme and the EE scheme of [11] , respectively. ACKNOWLEDGMENT This paper reports work (partially) undertaken in the context of the project LEXNET. LEXNET is a project supported by the European Commission in the 7th Framework Programme (GA n o 318273). For further information, please visit www. lexnet-project.eu.
